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Abstract 
Fiberglass and epoxy-based dielectric substrates are ubiquitous in manufactured printed circuit boards. 
Their construction usually involves various woven fiberglass fabrics saturated with epoxy resin. These 
two materials have different electrical properties; hence, as data rate increases and structure feature-
size decreases, the fiber weaves in the substrates can have profound impacts on the effective dielectric 
constants of printed circuit boards, which can cause unforeseen degradations in signal integrity. This 
thesis proposes a systematic way of modeling the fiber weave effect on high-speed interconnects over 
low-cost substrates, and also presents a statistical analysis of the impact of the fiber weave effect on 
intra-pair skew of differential microstrip lines. 
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1. Introduction 
In modern high-speed systems, differential signaling is becoming increasingly prevalent in designing 
buses and interconnects because of its high tolerance to noise. Ideally, two conductors in a differential 
pair should be perfectly balanced for optimal data transmission and noise rejection. Unbalanced lines 
will cause signals in each conductor to propagate at different phase velocities, leading to intra-pair skew 
and modal conversion at the receiver [1]. 
1.1 Differential Signaling 
Differential signaling is a method of transmitting information electrically with two complementary 
signals sent on two paired transmission lines. 
 
Figure 1 Differential signal transimission 
The advantages of differential signaling can be summarized in three aspects: tolerance of ground offset; 
resistance to electromagnetic interference; and suitability for low-voltage electronics. However, the 
biggest disadvantage of differential signaling is that uneven trace length or different signal speed may 
cause time skew, which greatly affects the signal integrity. 
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The impact of unbalanced differential lines on signal integrity is illustrated in Figure 2. 
 
Figure 2 Impact of Unbalanced lines on signal integrity 
1.2 Fiber Weave 
Typical printed circuit board (PCB) substrates are constructed with various woven fiberglass fabrics 
saturated in epoxy resin [2]. While this composition offers good mechanical and fire-resistant properties 
at low-cost, the weave patterns of fiberglass bundles cause these substrates to be electrically 
inhomogenous. Homogenized dielectric constants are effective for modeling transmission lines on these 
substrates operating in single-ended configuration, using typical microstrip and stripline models. 
However, for differential signaling configurations where two narrow conductors are etched in different 
positions on a PCB, we can expect the actual dielectric under each conductor to be different, due to the 
weave pattern of fiberglass. Hence, it is impossible to achieve perfectly balanced differential lines in 
realized designs. A microscopic top view of a differential pair over typical PCB with 106 weave pattern is 
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shown in Figure 3. The 106 weave pattern has yarn count of 56*56 threads/inch and yarn pitch of 
17.9*17.9 mils, which yield roughly 0.2mm fiber bundle width and 0.2mm bundle distance [3]. 
 
Figure 3 Top-view of microstrip transmission line over fiber weaves on a printed circuit board 
The weave pattern around any etched differential pairs is inherently uncertain, thus it is difficult for 
designers to predict the intra-pair skew in their designs caused by the fiber-weave effect. At high data 
rates where the links are sensitive to such skews, this could potentially cause data transmission failures. 
1.3 Past Research 
Past studies of the fiber weave effect are mostly experimentally focused [4], [5]. Massive test boards 
were built to find the correlation between fiber weave pattern and signal integrity [6]. The experimental 
approach is sufficient for visualizing the impact of the fiber weave effect on differential signaling, but it 
does not provide a comprehensive physical understanding of this problem and also has difficulties 
providing designers a statistical characterization of the effects to predict how their designs could fail. 
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1.4 Outline 
This thesis first proposes a method to separate fiber weave models into basic cross-sectional categories. 
We then construct these simplified models in a 2-D quasi-static electromagnetic (EM) solver [7]. 
Parameter matrices are then extracted from these EM models and cascaded using MATLAB [8] to model 
any arbitrary lengths of transmission lines over a woven fiber substrate. Finally, we present the results 
of a statistical analysis using this modeling methodology to capture and quantify the uncertain nature of 
this problem. The objective of this this paper is to highlight a new approach to study the fiber weave 
effect and give designers a more insightful method to scrutinize the robustness of their designs.  
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2. Description of Research Results 
2.1 Modeling 
While the most accurate method to model transmission lines with fiber weaves in substrates is to use a 
3-D full-wave electromagnetic solver, this approach is inefficient due to difficulties in building the model 
geometries and also the large amounts of computations required to solve such a model. Therefore, 
instead of modeling a large section of transmission line, we choose to break a long section of line into 
small units that can be categorized into a couple fundamental categories. Due to the periodical pattern 
of the fiber weaves underneath the line, each of these small units will fall into two basic types, which are 
named Case 1 and Case 2 in Figure 4. In Case 1, underneath the line, there are only horizontal fibers in 
parallel with the line. In Case 2, there are both parallel fibers and perpendicular fibers going underneath 
the line. 
 
Figure 4 Two types of cross-sectional models to model fiber weave effect 
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A microscopic view of a single stripline etched by our group is shown in Figure 5. It demonstrates the 
feasibility of out modeling method. 
 
Figure 5 Microscopic view of a stripline etched in lab 
The propagation constant of the signal traveling on a copper trace is affected by the dielectric properties 
of materials in its vicinity. Taking this into account, we can further simplify our models. The final models 
are shown in Figure 6. These models are simple in geometry, making them easy to parameterize and 
quickly solvable using standard 2-D extractors. The values used in the simulation of our example are 
given in Table 1. 
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Figure 6 Two types of simplified cross-sectional models 
Table 1 Value of Parameters 
W1 W2 D1 D2 H1 H2 T 
0.1 mm 0.2 mm 0.1 mm 0.2 mm 0.01 mm 0.06 mm 0.015 mm 
 
Using this simplified structure, the entire length of a differential transmission line can be viewed as unit 
models Case 1 and Case 2 cascaded in an alternating manner [9]. Figure 7 shows the overall simplified 
model of a long section of differential lines. 
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Figure 7 Cascading of segments of two types of transmission lines for transient simulation 
Following this method, modeling of the entire transmission line is simplified to the modeling of unit 
sections Case 1 and Case 2. Each of these unit sections is modeled in a 2-D parameter extractor with 
corresponding values presented in Table 1. 
S-parameter matrices of sections of unit length can be extracted from the models created in the 2-D 
extractor. The S-parameters are then imported to MATLAB to be converted into ABCD matrix so that 
they can be cascaded by matrix multiplication. The 4-port ACBD matrix that describes each unit section 
is given by (1). 
[
  
  
]  [
    
    
] [
    
    
] 
(1) 
 
where vi , ii , vi+1 , ii+1 are the input and output voltage and current vectors, respectively, and Ai , Bi , Ci , Di 
are the ABCD parameters of the 2-line network. 
Since the ABCD parameters relates the input standing voltage and current waves to the output standing 
waves, the overall ABCD matrix of a long section of differential transmission lines can be easily 
calculated using matrix multiplication due to the cascading property of ABCD parameters, as in (2). 
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9 
 
2.2 Numerical Example 
To effectively demonstrate our modeling methodology, we model a differential microstrip line of length 
L = 10 cm on a typical FR-4 substrate. We choose l = 0.2 mm as the length of each unit cell, since this is a 
practical value for the width of each fiber bundle as well as spacing between bundles. The size of the 
unit cell could vary depending on the weave type and resin content used in constructing the printed 
circuit board substrate, the values should be provided by the substrate data sheet. Once the S-
parameter of overall system is calculated from MATLAB, it can be imported to a transient simulator [10] 
to study about the intra-pair skew. 
The test setup circuit schematic is presented in Figure 8. The circuit is driven differentially by voltage 
sources V1 and V2. V1 has magnitude of 1.2 V and bit rate of 1 GHz with bit pattern (101010…), V2 also 
has magnitude of 1.2 V and bit rate of 1 GHz but with opposite bit pattern (010101...), hence the system 
is driven in odd mode. Voltages V3 and V4 at far end are measured to determine the intra-pair time 
skew. The method used to measure time skew in this paper is shown in Figure 9. 
 
Figure 8 Test circuit for measuring intra-pair skew 
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Figure 9 Method used in this paper to measure intra-pair skew 
Since each trace's location on the PCB with respect to the fiber weave is inherently random, we need to 
define a random variable to capture this uncertainty. Notice that in Case 2, the distribution of fiber glass 
is uniform, so it does not matter where the trace is located. However, in Case 1, fiber bundles appear 
periodically underneath the trace, hence we can define the distance between the center of fiber bundle 
and the midpoint of two traces as an “Offset” variable. Each random variation is uniquely determined by 
a different value of “Offset”, as shown in Figure 10. 
 
Figure 10 Definition of variable "Offset" 
For “Offset”, a range from −0.175 mm to 0.175 mm is sufficient to represent all trace locations due to 
the periodic pattern of fiber bundles. We sampled 21 points evenly from this range and ran simulation 
for each case. The interpolated result of intra-pair skew found using the method presented above is 
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shown in Figure 11. The type of interpolation used is piecewise cubic Hermite interpolating polynomial 
(PCHIP) [11]. 
 
Figure 11 Interpolation data of intra-pair skew vs "Offset" 
It is easy to verify from the model that when “Offset” is 0, −0.175 mm, or 0.175 mm, the differential 
lines are perfectly balanced, therefore the intra-pair skew is consequently 0. 
2.3 Statistical Analysis 
In reality, it is impossible for us to predict how exactly the fiber bundles are distributed underneath the 
differential lines, in other words, “Offset” in Case 1 is a random variable that cannot be determined by 
designers before the PCB is manufactured. Therefore, a statistical understanding of this problem is 
necessary and meaningful [12]. 
By the nature of the copper traced etched on PCB, it is reasonable to assume that the random variable 
“Offset” has a uniform distribution. 
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                           (3) 
 
We can see from Figure 11 that intra-pair skew is a continuous function of “Offset”, therefore we would 
expect that intra-pair skew is also a random variable with a certain distribution. 
To obtain the probability density function (PDF) of intra-pair skew, we create a sample space of one 
million points with uniform distribution within range [−0.175 mm, 0.175 mm] in order to perform Monte 
Carlo simulation based on the interpolated function shown in Figure 11. The resulting PDF of intra-pair 
skew can be estimated using kernel density estimation (KDE) on the one million sampled results, and is 
shown in Figure 12. Since the Monte Carlo analysis is performed over an interpolated function, only the 
initial set of 21 EM simulations are required, and the actual MC sampling takes under a minute. 
 
Figure 12 PDF of intra-pair skew over a 10cm segment of microstrip line 
It is clear to see from Figure 11 that the intra-pair skew does not have a uniform distribution as “Offset” 
does, nor does it have a normal distribution. In this certain case, the peak of the PDF occurs at 8ps, 
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which is very close to the maximum intra-pair skew. Some statistical data is shown in Table 2. We can 
see from the data that almost half of the samples are expected to have skew greater than 6 ps, while 
more than 20% of the samples are expected to have skew greater than 8 ps, which is very close to the 
worst-case intra-pair skew for this problem. Therefore, it may be sound engineering judgment to 
assume that the intra-pair skew induced by the fiber weave effect in actual designs to fall close to the 
worst-case. 
Table 2 Statistical Data of Intra-pair Skew 
Percentage Intra-pair skew 
10% >8.30ps 
20% >8.03ps 
30% >7.50ps 
40% >6.78ps 
50% >5.91ps 
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3. Conclusion 
This paper presented a 2-D based approach to modeling the fiber weave effect on glassfiber/epoxy 
substrates. The techniques presented avoid the need for lengthy 3-D EM simulations, and are easily 
adaptable for various types of fiber weave density. Furthermore, the simple parameterized 2-D model 
enables fast statistical analysis to account for inherent uncertainties in the fiber weave problem. The 
entire methodology can be realized using any commercially available or custom EM and circuit solvers. 
As demonstrated by our results, the fiber weave effect can have profound impacts on differential 
signaling by introducing unwanted intra-pair skew. Overlooking this intra-pair skew could lead to 
potential failure in high-speed design. Therefore, proper characterizations of the skew, including its 
statistics in manufactured products, are essential in evaluating and ensuring robustness of designs. 
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